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HUMAN NEURONAL NICOTINIC ACETYLCHOLINE ^RECEPTOR 
"~ COMPOSITIONS AND METHODS EMPLOYING SAME 




Field of the Invention 



This invention relates to neuronal nicotinic 
acetylcholine receptor genes and proteins. In a 
particular aspect, the present invention relates to 
human neuronal nicotinic acetylcholine receptor genes 
and proteins. In a further aspect, the present 
invention relates to methods for determining the 
presence of neuronal nicotinic acetylcholine receptor 
activity in cells thought to have genes encoding such 
proteins. In yet another aspect, the present invention 
relates to methods for determining the agonist or 
antagonist activity of compounds which might interact 
with neuronal nicotinic acetylcholine receptors. 
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Background of the Invention 

Most theories on how the nervous system 
functions depend heavily on the existence and 
properties of cell to cell contacts known as synapses. 
For this reason, the study of synapses has been a focal 
point for neuroscience research for many decades. 

Because of its accessibility to biochemical 
and electrophysiological techniques, and because of its 
elegant, well defined structure, the neuromuscular 
synapse (also known as the neuromuscular junction) , 
which occurs at the point of nerve to muscle contact, 
is one of the most studied and best understood 
synapses. At the neuromuscular junction, the nerve 
cell releases a chemical neurotransmitter, 
acetylcholine, which binds to nicotinic acetylcholine 
receptor proteins located on post-synaptic muscle . _ 
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cells. The binding of acetylcholine results in a 
conformational change in the nicotinic acetylcholine 
receptor protein. This change is manifested by the 
opening of a transmembrane channel in the receptor 
5 which is permeable to cations. The resulting influx of 
cations depolarizes the muscle and ultimately leads to 
muscle contraction. 

Biological and structural studies have shown 
that the nicotinic acetylcholine receptor in muscle is 

10 a glycoprotein composed of- five subunits with the 

stoichiometry oa/SyA (alpha-alpha-beta-gamma-delta) .. 
From these same studies, it is known that each of the 
subunits has a mass of about 50-60 kilodaltons and is 
encoded by a separate gene. In vitro reconstitution 

15 experiments have shown that this aa/3yA complex is a 
functional receptor containing both ligand binding 
sites and a ligand-gated transmembrane channel. 

It is now known that a variety of 
neurotransmitters and neurotransmitter receptors exist 

20 in the central and peripheral nervous systems. Despite 
this knowledge, there is still little understanding of 
the diversity of receptors for a particular 
neurotransmitter, or of how this diversity might 
generate different responses to a given 

2 5 neurotransmitter, or to other modulating ligands, in 

different regions of the brain. On a larger scale, 
there is little appreciation of how the use of a 
particular synapse makes it more or less efficient, or 
hnges in neuronal circuits might be accomplished by the 
30 modification of synapses. 

An understanding of the molecular mechanisms 
involved in neurotransmission in the central nervous 
system is limited by the complexity of the system. The 
cells are small, have extensive processes, and often 

3 5 have thousands of synapses deriving from inputs from 
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many different parts of the brain. In addition, the 
actual number of neurotransmitter receptors is low, 
making their purification difficult, even under the 
best of circumstances. Consequently, neither cellular 
5 nor biochemical approaches to studying 

neurotransmission in the central nervous system has 
been particularly fruitful. This is unfortunate 
because it is quite probable that the treatment of 
dementia, Alzheimer's disease and other forms of mental 

10 illness will involve modification of synaptic 
transmission with specific drugs. 

Nicotinic acetylcholine receptors found at 
the vertebrate neuromuscular junction, in vertebrate 
sympathetic ganglia and in the vertebrate central 

15 nervous system can be distinguished pharmacologically 
on. the basis of ligands that open or block the ion 
channel. For example, the elapid a-neurotoxins that 
block activation of nicotinic acetylcholine receptors 
at the neuromuscular junction do not block activation 

2 0 of neuronal nicotinic acetylcholine receptors found on 
several different cell lines. 

To gain access to the neuronal acetylcholine 
receptors, traditional biochemical and 

neurophysiological methods have been abandoned in favor 
2 5 of the newer methods of molecular biology. More 
specifically, using molecular cloning techniques, 
complementary DNA clones were isolated which encode the 
acetylcholine receptor expressed in the Torpedo fish 
electric organ, a highly enriched source of receptor. 
30 The cDNA clones isolated from the fish electric organ 
were then used in nucleic acid hybridization 
experiments to obtain cDNA and genomic clones for the 
subunits of the acetylcholine receptor expressed in 
mouse skeletal muscle. 
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The availability of cDNA clones encoding 



muscle nicotinic receptors made it possible to extend 
these studies in the important direction of neuronal 
receptors. More specifically, based on the assumption 
5 that neuronal nicotinic receptors are evolutionarily 

related to muscle receptors, and that this relationship 
will be reflected at the genetic level by nucleotide 
sequence homology, the cDNA clones encoding the muscle 
nicotinic receptor were used to screen rat cDNA and 
10 genomic libraries for related neuronal mRNAs or genes. 
This method has resulted in the isolation of several 
neuronal cDNA clones that have significant sequence 
homology with the muscle acetylcholine clones. 



15 receptors differ from muscle nicotinic acetylcholine 
receptors is evidenced by the fact that neuronal 
receptors can be constituted from only two different 
gene products (i.e., one alpha subunit and one beta 
subunit). This is significant since, in all 

2 0 experiments reported to date, muscle nicotinic 

acetylcholine receptors have been formed with a/3 6 a 
subunits, q/3a subunits, af36 subunits or ck5a subunits, 
but not with any pairwise combinations. See Kurosaki 
et al., FEBS Letters 214, 253-258 (1987). 

25 In order to further extend such studies, to 

provide proteins useful for assaying compounds as 
potential agonists or antagonists for human neuronal 
nicotinic acetylcholine receptors, as well as cell 
lines capable of expressing such proteins, we undertook 

30 to isolate and characterize clones which encode various 
subunits of the human neuronal nicotinic acetylcholine 
receptor; we further undertook to develop methods for 
expressing cloned human neuronal nicotinic 
acetylcholine receptor sequences in recombinant cell 

3 5 lines; and we further undertook to develop ass.av_s .for 



That the neuronal nicotinic acetylcholine 
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identifying which of the resultant recombinant cell 
lines express functional neuronal nicotinic receptors. 

Summary of the Invention 



have isolated and characterized clones which encode the 
alpha2 , alpha3 and beta2 subunits of the human neuronal 
nicotinic acetylcholine receptor. 



encode a family of acetylcholine receptors having 
unique pharmacological properties. The demonstration 
that the nicotinic acetylcholine receptors are much 
more diverse than previously expected offers an 

15 opportunity for a high level of pharmaceutical 

intervention and a chance to design new drugs that 
affect specific receptor subunits. Such subtypes make 
it possible to observe the effect of a drug substance 
on a particular receptor subtype, which can be 

20 expressed in a recombinant cell in the absence of the 
other receptor subtypes. Information derived from 
these observations will allow the development of new 
drugs that are more specific, and therefore have fewer 
unwanted side effects. 

2 5 In addition, the availability of human 

neuronal receptors makes it possible to perform initial 
in vitro screening of the drug substance in a test 
system which is specific for humans. While it is true 
that the drug eventually has to be administered 

3 0 directly to the human patient, it is probable that 

useful drugs are being missed because conventional drug 
screening is limited to assays employing non-human 
receptors, human tissue preparations (which are likely 
to be contaminated with other receptors, both nicotinic 
3 5 and non-nicotinic in origin) , and other suboptJ 
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In accordance with the present invention, we 



10 



The neuronal clones of the present invention 
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assay systems. Consequently, the ability to screen 
drug substances in vitro on specific receptor 
subtype (s) is likely to be more informative than merely 
screening the drug substance employing presently 
5 available suboptimal assay systems. 

Both the receptor subunit genes and proteins 
of the present invention can be used for drug design 
and screening. For example, the cDNA clones encoding 
the human alpha2 , alpha3 and beta2 receptor subunits 

10 can be transcribed in vitro to produce mRNA. This 
mRNA, either from a single subunit clone or from a 
combination of clones, can then be injected into 
oocytes where the mRNA directs the synthesis of the 
human receptor molecule(s). The resulting receptor- 

15 expressing oocytes can then be contacted with a test 

compound, and the agonist or antagonist effect thereof 
can then be evaluated by comparing oocyte response 
relative to positive and negative control compounds and 
positive and negative control oocytes. Alternatively, 

2 0 the clones may be placed downstream from appropriate 
gene regulatory elements and inserted into the genome 
of eukaryotic cells. This will result in transformed 
cell lines expressing a specific human receptor 
subtype, or specific combinations of subtypes. The 

2 5 derived cell lines can then be produced in quantity for 
similar reproducible quantitative analysis of the 
effects of drugs on receptor function. 

Brief Description of the Figures 

30 

Figure 1 is a restriction map of the alpha2 
subunit gene of the human neuronal nicotinic 
acetylcholine receptor, compared to the corresponding 
rat gene. 
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Figure 2 is a . restriction map of the alpha3 
subunit gene of the human neuronal nicotinic 
acetylcholine receptor, compared to the corresponding 
rat gene. 

Figure 3 is a restriction map of the beta2 
subunit gene of the human neuronal nicotinic 
acetylcholine receptor, compared to the rat gene. 

Figure 4Pis^a comparison of the alpha2 
subunit gene of the rat neuronal nicotinic 
acetylcholine receptor with several cDNA fragments 
obtained from the human alpha2 subunit gene. The 
arrows beneath the various human cDNA fragments 
indicate the direction and extent of DNA sequencing 
carried out for the respective fragments. 

Figure 5vis-^B comparison of the alpha3 
subunit gene of the rat neuronal nicotinic 
acetylcholine receptor with several cDNA fragments 
obtained from the human alpha3 subunit gene. The 
arrows beneath the various human cDNA fragments 
indicate the direction and extent of DNA sequencing 
carried out for the- respective fragments. 



Figure 6'is l k comparison of the beta2 subunit 
A 

gene of the rat neuronal nicotinic acetylcholine 

receptor with several cDNA fragments obtained from the 

human beta2 subunit gene. The arrows beneath the 

various human cDNA fragments indicate the direction and 

extent of DNA sequencing carried out for the respective 

fragments. a ^ 

Figure 7*is a comparison of about 500 base 
A 

pairs of human alpha2 sequence with the corresponding 
rat sequence. A <Z 

Figure ^Jjis "a comparison of about 650 base 
V/pairs of human alpha3 sequence with the corresponding 
✓ rat sequence. 
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Figure 9 ^- s a comparison of the nucleotide 
sequence for the human and rat beta2 subunits. 

Detailed Description of the Invention 

5 

In accordance with the present invention, 
there are provided substantially pure DNA sequence (s) 
encoding alpha subunit(s) of the human neuronal 
nicotinic acetylcholine receptor and/or substantially 
10 pure DNA sequence (s) encoding beta subunit(s) of the 
human neuronal nicotinic acetylcholine receptor. 

In accordance with a particular embodiment of 
the present invention, there are provided mRNA 
sequences and polypeptides encoded by the above- 
15 described DNA sequences. 

In accordance with yet another embodiment of 
the present invention, there are provided cells 
transformed with one or more of the above-described DNA 
sequences . 

20 In accordance with still another embodiment 

of the present invention, there are provided 
substantially pure human neuronal acetylcholine 
receptors comprising at least one human alpha receptor 
subunit and at least one human beta subunit. 

2 5 In accordance with a further embodiment of 

the present invention, there are provided methods for 
measuring the agonist or antagonist activity of test 
compounds (with respect to human neuronal acetylcholine 
receptors or subunits thereof) , by measuring the 

3 0 response of the above-described cells and/ or receptors, 

relative to the response of a control, when contacted 
with said compound. 

In accordance with the latter embodiment of 
the present invention, the response of the above- 



o 
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described cells and/or receptors is determined by such 
assays as: 

nicotine binding, 
86 Rb ion-flux, 

5 the electrophysiological response of 

said cells, or 

the electrophysiological response of 
oocytes transfected with RNA from said cells. 

In accordance with yet another embodiment of 

10 the present invention, there is provided a method for 
assaying cells for the presence of neuronal nicotinic 
acetylcholine receptor activity. This is accomplished 
by determining the effect of known neuronal nicotinic 
acetylcholine agonists and/or antagonists on the influx 

15 of ^Rb ions into cells, relative to the rate of influx 
of ^Rb ions into control cells. 

In accordance with a further embodiment of 
the present invention, there is provided an alternative 
method for assaying cells for the presence of neuronal 

2 0 nicotinic acetylcholine receptor activity, employing a 
multi-step screening protocol comprising the steps: 

(a) analyzing said cells for the 
presence of alpha and beta subunit RNAs, 

(b) analyzing those cells which are 

2 5 positive for the presence of alpha and beta subunit 

RNAs for their ability to bind nicotine or a nicotine 
agonists, relative to the nicotine binding ability of 
control cells known to express neuronal nicotinic 
acetylcholine receptors, and 

3 0 (b) determining the effect of known 

neuronal nicotinic acetylcholine agonists and/or 
antagonists on cells having the ability to bind 
nicotine or nicotine agonist on the influx of 86 Rb ions 
into said cells, relative to the rate of influx of ^Rb 
35 ions into control cells. - ~ — - 
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In accordance with a still further embodiment 
of the present . invention, there is provided a method 
for making cells having neuronal nicotinic 
acetylcholine receptor activity, employing a multi-rstep 
5 protocol comprising the steps: 

(a) transfecting host cells with DNA 
encoding at least one alpha subunit of the neuronal 
nicotinic acetylcholine receptor and at least one beta 
subunit of the neuronal nicotinic acetylcholine 

10 receptor, then 

(b) analyzing said transfected cells 
for the presence of alpha and beta subunit RNAs, 
employing methods such as Northern blot or slot blot 
analysis; then 

15 (c) analyzing those cells which are 

positive for the presence of alpha and beta subunit 
RNAs for their ability to bind nicotine or a nicotine 
agonist, relative to the nicotine binding ability of 
control cells known to express neuronal nicotinic 

2 0 acetylcholine receptors, and 

(d) determining the effect of known 
neuronal nicotinic acetylcholine agonists and/or 
antagonists on cells having the ability to bind 
nicotine or a nicotine agonist on the influx of ^Rb 

2 5 ions into control cells. 

In accordance with the preceding two 
embodiments of the present invention, mRNA from cells 
which are positive for alpha and beta neuronal 
nicotinic acetylcholine subunits is injected into 

3 0 oocytes, which are then assayed for the presence of 

functional neuronal nicotinic acetylcholine receptors. 

As used herein, the term agonist refers, to a 
substance that activates receptor function; and the 
term antagonist refers to a substance that interferes 
3 5 with receptor function. Antagonists are of two—types: 
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competitive and non-competitive. A competitive 
antagonist (or competitive blocker) competes with the 
neurotransmitter for the same binding site. A non- 
competitive antagonist or blocker inactivates the 
5 functioning of the receptor by binding to a site other 
than the acetylcholine binding site. 

As used herein, alpha2 refers to a gene, 
which has been identified in chick and rat, that 
encodes a neuronal subunit of the same name. DNA 

10 coding for the human neuronal alpha2 subunit has been 
deposited with the ATCC; the DNA (designated as 
HnAChRa2 ;^a restriction map of which is shown in Figure 
1; and a partiaJ. nucleotide sequence of which is shown 
K^, in Figure 7r 'has been accorded ATCC Accession No. 

15 68277. 

As used herein, alpha3 refers to a gene that 
encodes a neuronal subunit of the same name. DNA 
coding for the human neuronal alpha3 subunit has been 
deposited with the ATCC; the. DNA (designated as 
20 HnAChRa3 ; a restriction map of which is shown in Figure 
'2; and a partial nucleotide sequence of which is shown 



y 



in Figure 8F has been accorded ATCC Accession No. 
68278. 

As used herein, beta2 refers to a gene 
25 encoding a neuronal nicotinic acetylcholine subunit of 
the same name. DNA coding for the human neuronal beta2 
subunit has been deposited with the ATCC; the DNA 
(designated as HnAChR02 ; a restriction map of which is 
shown in Figure 3; and^,the nucleotide sequence of which 
3 0X/is shown in Figure Srj has been accorded ATCC Accession 
' No. 68279. 



cDNA clones comprising human neuronal 
nicotinic acetylcholine receptor genes alpha2 (clone 
HnAChRcr2) , alpha3 (clone HnAChRa3) , and beta2 (clone 
35 HnAChR/32 ) , all of which are in E. coli HB101 ,...hav_e-been 
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deposited at the American Type Culture Collection, 
Rockville, Maryland, U.S.A. (ATCC) under the terms of 
the Budapest Treaty on the International Recognition of 
Deposits of Microorganisms for Purposes of Patent 
5 Procedure and the Regulations promulgated under this 
Treaty. Samples of the cloned genes are and will be 
available to industrial property offices and other 
persons legally entitled to receive them under the 
terms of said Treaty and Regulations and otherwise in 

10 compliance with the patent laws and regulations of the 
United States of America and all other nations or 
international organizations in which this application, 
or an application claiming priority of this 
application, is filed or in which any patent granted on 

15 any such application is granted. 



homology" in the present specification and claims means 
that DNA, RNA or amino acid sequences which have slight 
and non-consequential^ sequence variations form the 

20 actual sequences disclosed and claimed herein are 

considered to be equivalent to the sequences of the 
present invention, and as such are within the scope of 
the appended claims. In this regard, "slight and non- 
consequential sequence variations" mean that 

25 "homologous" sequences (i.e., the sequences that have 
substantial sequence homology with the DNA, RNA, or 
proteins disclosed and claimed herein) will be 
functionally equivalent to the sequences disclosed and 
claimed in the present invention. Functionally 

30 equivalent sequences will function in substantially the 
same manner to produce substantially the same 
compositions as the nucleic acid and amino acid 
compositions disclosed and claimed herein. 



35 present specification and claims as a modifier-. -o£~DNA, 



Use of the phrase "substantial sequence 



Use of the phrase "substantially pure" in the 
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RNA, polypeptides or proteins means that the DNA, RNA, 
polypeptides or proteins so designated have been 
separated form their in vivo cellular environments 
through the efforts of human beings; as a result of 
5 this separation, the substantially pure DNAs, RNAs, 
polypeptides and proteins are useful in ways that the 
non-separated, impure DNAs, RNAs, polypeptides or 
proteins are not. 

The invention DNA sequences were isolated 

10 employing analogous rat neuronal acetylcholine receptor 
subunit DNA fragments as probes in various human cDNA 
libraries. Due to the very low concentration of 
various human neuronal subunits in their native state, 
the frequently very localized presence of some of the 

15 human neuronal subunits in various sources of tissue, 
the difficulty in obtaining human neuronal (brain) 
/^"tissue with which to work, as well as the highjt level 
s of care necessary to ensure the presence of intact mRNA 
in the source human neuronal tissue, a significant 

2 0 problem to be solved in order to achieve the objects of 
the present invention was identifying and obtaining 
suitable source (s) of DNA to probe for the desired 
sequences. By probing numerous human cDNA libraries, 
e.g., pre-frontal cortex cDNA, parietal cDNA, temporal 

2 5 cortex cDNA, brain stem cDNA, basal ganglia cDNA, and 

spinal cord cDNA, various fragments of the human 
neuronal subunits we^ identified (see, for example, 
Figures ^^ana After partial sequencing and 

restriction mapping of several such fragments, and 

3 0 comparison of such fragments to the analogous rat 

sequences, it was possible to identify composite DNA 
sequences for the human neuronal alpha2, alpha3 and 
beta2 subunits, as disclosed and claimed herein. 

In addition to their use as coding sequences 
3 5 for the production of human neuronal subunits-afld- - - 
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synthetic human neuronal receptors, the invention 
sequences can also be used as probes for the 
identification of additional human neuronal sequences. 
This is done by probing various sources of human 
5 neuronal DNA with invention sequences, then selecting 
those sequences having a significant level of sequence 
homology with the probe employed. 

Invention DNA sequences can be transformed 
into a variety of host cells. Eukaryotic cells such as 

10 yeast or mammalian cells are presently preferred. A 
variety of suitable host mammalian cells, having 
desirable growth and handling properties, are readily 
available to those of skill in the art. Especially 
preferred for such purpose are human, rat or mouse 

15 cells. 

Similarly, a variety of suitable yeast cells 
are readily available to host cells for the invention 
sequences. Especially preferred are yeast selected 
from Pichia pastoris , Saccharomyces cerevisiae . Candida 
2 0 tropicalis . Hansenula polymorpha . and the like. 

^j^^A^te^iatively , the invention DNA sequences 
£ can be ^ rano l ato d - into RNA, which can th J| n ^ 5t b v e j2 s ^ r ^ 

<- transfected into amphibian cells for - trans c ription into 

<— A- 

protein. Suitable amphibian cells include Xenopus 

2 5 oocytes. 

Cells transformed with invention DNA (or RNA) 
can optionally be further transformed with a reporter 
gene expression construct, so as to provide a ready, 
indirect measure of the presence of functional human 
30 neuronal receptor in the transformed cell. Such a 
reporter gene expression construct comprises: 

a transcriptional control element; 
wherein said transcription control element, in said 
cell, is responsive to an intracellular condition that 

3 5 occurs when the human neuronal nicotinic acety-l-eholi-ne 
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receptor interacts with a compound having agonist or 
antagonist activity with respect to said receptor, and 

a reporter gene encoding a transcription 
and/or translational product; wherein said product can 
5 be, directly or indirectly, readily measured; and 

wherein said gene is in operative association with said 
transcriptional control element. 

Transcriptional control elements contemplated 
for use in this embodiment of the present invention 
10 include the c-fos promoter, the vasoactive intestional 
peptide gene promoter, the somatostatin gene promoter, 
the proenkephalin gene promoter, the 

phosphoenolpyruvate carboxykinase gene promoter, the 
NGFI-A gene promoter, and the like. 

15 Reporter genes contemplated for use in this 

embodiment of the present invention include the 
chloramphenicol transferase (CAT) gene, the gene 
product of which can be readily analyzed by a variety 
of methods known in the art. See, for example, 

20 Nielsen, et al., Anal. Biochem. 179 . 19-23 (1989), 

lucif erase and other enzyme detection systems such as 
alkaline phosphatase, 
/3-galactosidase, and the like. 

A particularly useful application of the 

25 invention sequences is the ability to prepare synthetic 
receptors and synthetic receptor subunits which are 
substantially free of contamination from other, 
potentially competing proteins. - Thus, a cell 
transformed with the invention alpha2 and beta2 

30 sequences could express a synthetic receptor consisting 
essentially of only the alpha2 and beta2 subunits. 
Such a synthetic receptor would be useful for a variety 
of applications, e.g., as part of an assay system free 
of the interferences frequently present in prior art 
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assay systems employing non-human receptors or human 
tissue preparations. 

Similarly, a synthetic receptor could be 
prepared by causing cells transformed with the 
5 invention alpha3 and beta2 sequences to express the 
corresponding proteins. The resulting synthetic 
receptor would consist essentially of only the alpha3 
and beta2 subunits. Such a synthetic receptor would be 
useful for a variety of applications, e.g., as part of 

10 an assay system free of the interferences frequently 

present in prior art assay systems employing non-human 
receptors or human tissue preparations. 

Furthermore, testing of single receptor 
subunits with a variety of potential agonists or 

15 antagonists would provide additional information with 
respect to the function and activity of the individual 
subunits. Such information may lead to the 
identification of compounds which are capable of very 
specific interaction with one or more of the receptor 

20 subunits. Such specificity may prove of great value in 
medical application. 

In accordance with one aspect of the present 
invention, assay methods have been developed for the 
ready determination of the presence of functional 

25 neuronal nicotinic acetylcholine receptors. Thus, 

cells transformed with invention DNA or RNA sequences, 
or cell-lines derived from a variety of other sources 
can be readily screened to determine if functional 
receptors are produced thereby. One useful assay 

3 0 method is the ,,86 Rb ion-flux" assay, wherein the influx 
of 8& Rb ions into test cells is measured as a function 
of the presence or absence of known neuronal nicotinic 
acetylcholine agonists or antagonists. Thus, a cell 
which shows no difference in the 86 Rb ion flux, whether 

3 5 in the presence or absence of agonist or antagonist is 




Pcfo 91/0231 1 



not expressing functional neuronal receptor. This 
assay provides more inforamtion than is provided by a 
simple binding assay because it also indicates whether 
or not functional receptor is present. 
5 Another useful assay method of the invention 

involves subjecting test cells to the following steps: 

(a) analyzing said cells for the presence of 
alpha and beta subunits RNAs, 

(b) analyzing those cells which are positive 
10 for the presence of alpha and beta subunit RNAs for 

their ability to bind nicotine or a nicotine agonist, 
relative to the nicotine binding ability of control 
cells known to produce neuronal nicotinic acetylcholine 
receptors, and 

15 (c) determining the effect of known neuronal 

nicotinic acetylcholine agonists and/or antagonists on 
cells having the ability to bind nicotine or nicotine 
agonist on the influx of 86 Rb ions into said cells, 
relative to the rate of influx of 86 Rb ions into 

20 positive and/or negative control cells. 

Cells can be analyzed for the presence of 
alpha and beta subunit RNA in a variety of ways, such 
as for example, by Northern hybridization, slot blot 
analysis, and the like. 

25 The determination of the nicotine-binding 

ability of test cells can readily be determined by 
techniques known by those of skill in the art. For 
additional detail, see Example 3B below. 

The 86 Rb ion-flux assay is then carried out as 

30 described hereinabove. 

The above-described sequence of analytical 
steps provides an effective way to screen large numbers 
of transformed cells for the expression of neuronal 
receptor subunit (s) , the ability of such subunit(s) to 

35 bind to nicotine, nicotine agonists or nicotine — ~ 
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antagonists, and the ability of such subunit(s) to 
assemble into functional receptors. 

As a further step to verify the ability of 



test cells to produce functional receptor, mRNA from 
5 cells which are positive for the presence of alpha and 
beta neuronal nicotinic acetylcholine receptor subunits 
by the above-described assays can be injected into 
oocytes, which can then be assayed for the presence of 
functional neuronal nicotinic acetylcholine receptors. 

10 As another alternative, one can measure the 

electrophysiology of the positive cells (either 
directly or upon expression of RNA by oocytes). 
Positive results in each of these assays provides one 
with a high level of confidence that the test cells 

15 contain the coding sequences for the production of 

receptor, and that such receptor is indeed expressed. 



present invention, a method for making eukaryotic cells 
having neuronal nicotinic acetylcholine receptor 

20 activity is provided. Eukaryotic cells (e.g., 

mammalian or yeast cells) are transfected with DNA 
encoding at least one alpha subunit and at least one 
beta subunit of the neuronal nicotinic acetylcholine 
receptor. The resulting cells are then screened by one 

2 5 or more of the above-described assay methods to 
identify those cells which have successfully 
incorporated the desired DNA sequences. 



greater detail by reference to the following non- 
30 limiting examples. 



In accordance with another aspect of the 



The invention will now be described in 
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EXAMPLES 



Plasmids comprising insert DNA encoding human 
a and 0 subunit proteins of the neuronal nicotinic 
acetylcholine receptor (nNAChR) , isolated from various 
sources of human neuronal tissue, have been deposited 
in the ATCC. The clone names and deposit, numbers are: 



Clone ATCC 

10 f Subunit Name Accession # 

Q2 HnAChRa2 68277 

a3 HnAChRa3 68278 

02 HnAChR/32 68279 



15 Restriction maps of the nNAChR-encoding 

inserts in these clones, as compared to the 
corresponding rat cDNA maps, are provided in Figures 1, 
2, and 3, respectively. The rat cDNA inserts are 
described in Wada et al . (1988), Science 240 : 330-334 

20 (a2) ; Boulter et al . (1986), Nature 319 ; 368-374 (a3); 
Boulter et al . (1987), Proc. Natl. Acad. Sci. 84:7763- 
7767 (02) . EcoRI adapters (from cloning vector) are 
present on the ends of each insert. 

Portions of the a2 and a3 , and all of the 02, 

2 5 human neuronal NAChR subunit-encoding sequence were 

sequenced. The sequences of the human cDNAs were 
compared to the corresponding regions of the rat cDNAs, 
and the percent homology between the human and rat 
sequences are provided in Figures 4, 5, and 6, 

3 0 respectively. The nucleotide sequence homology is 

presented outside the parentheses, the translated amino 
acid sequence homology is presented in parentheses. 

Additionally, actual nucleotide sequence, 
comparisons are presented in Figures 7*;*8"^and S^'^Lrx 
all figures the human sequence is on top and the rat 
sequence is on the bottom. The nucleotide -numbers "for 




3^0 
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the rat sequences correspond to the actual nucleotide 
positions in the coding sequence. In contrast, the 
nucleotide numbers for the human sequences do not 
correspond to the coding sequences; instead, these 
5 numbers are related to ^e individual sequenced 

7>pS 



fragments. Figure T^rpresents the nucleotide sequence 
of the human a2 sequence as compared to the rat a2 
sequence starting around the common BamHI site (see 
Figure 4) and continuing in the 3 1 direction 
10 approximately 500 nucleotides. The degree of 

nucleotide homology in section A of Figure 7 is 87% and 
in section B is 93 %* 

Figure S^Jpresents the nucleotide sequence of 
/^he human a3 sequence starting about 50 nucleotide 3 • 
15 from the 5» end of the coding sequence, and continuing 
in the 3' direction for about 650 nucleotides. The 
degree of nucleotide homology between the human and rat 
quence in Section A^is 86% and in Section B is 90%. 

Figure 9^presents the entire coding sequence 
2 0 ,/bf the cDNA encoding the human 02 subunit. It has 87% 
homology to the rat sequence at the nucleotide level. 

Example 1 

CONSTRUCTION OF EUKARYOTIC EXPRESSION VECTORS COMPRISED 

2 5 OF THE HUMAN NEURONAL NAChR SUBUNIT SEQUENCES 

The cDNAs encoding the human neuronal NAChR 
subunits were inserted into the eukaryotic expression 
vector pSV2+Ldhfr, the construction of which is 

3 0 described in Example 2. Each insert was excised from 

its plasmid (HnAchRa2, HnAchRa3, or HnAch02) by 
digestion with EcoRl. The resultant fragments were gel 
purified and the "2600 bp (a2) # "3200 bp (a3) , and 
"2450 bp (02) fragments were isolated. Each insert 
3 5 fragment was ligated to EcoRI -digested and 
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dephosphorylated pSV2+Ldhfr; 0.1/ig of each DNA was 
used. The ligation reaction was transformed into 
MC1061 cells and amp" colonies were selected. The 
desired plasmid(s) having insert in the correct 
5 orientation was (were) identified by the diagnostic 
fragments provided below, and named as follows: 




Subunit 

a2 

a3 

(32 



Plasmid name 
ha2/pSV2 
ha3/pSV2 
h/32/pSV2 



Diagnostic fragment 
PvuII: 550, 100, 7000 bp 
PvuII: 850, 7350 bp 
Hindlll: 450, 7000 bp 



15 



These plasmids have the subunit-encoding insert 
placed in functional association downstream of the SV4 0 
early promoter. 



20 



Example 2 

DEVELOPMENT OF MAMMALIAN CELL LINES EXPRESSING a AND 0 
SUBTYPES OF THE RAT NEURONAL NICOTINIC ACETYLCHOLINE 

RECEPTOR (rNAChR) 



Cell lines were developed in Ltk' (mouse 
fibroblast thymidine kinase deficient) cells by 
cotransf ecting a plasmid comprised of an cr-subunit- 

25 encoding sequence, a plasmid comprised of a ^-subunit- 
encoding sequence, and a plasmid comprised of either the 
wild-type or crippled TK gene. A reporter gene 
expression construct can also be cotransf ected into the 
cells to provide a transcription-based assay system. 

3 0 While the following examples employ eukaryotic expression 
vectors comprised of the rat NAChR subunit cDNA 
sequences, the eukaryotic expression vectors comprised of 
the human nNAChR cDNA sequences (Example 1) also can be 
used . 



35 
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A. Host Cells 

Ltk" cells are available from ATCC 
(accession #CCL1.3). 

B. rNAChR a- and fl-Expression Plasmids 

The a- and ^-encoding eukaryotic 
expression plasmids were constructed using a slightly 
modified pSV2dhfr parent plasmid [Subramani, et al . 
(1981). Mol . Cell . Biol . .1:854-864] and a- arid /3-encoding 
inserts from the rat nNAChR subunit clones. The clone 
sources for the subunit sequences were: 



Subunit 

a.2 

a.3 

*a4 . 1 

02 



Parent plasmid 
HYP16(9) a 
PCA4 8E(4) b 
HYA23-1E (1) c 
PCX49 (l) d 



Insert fragment 

"2 Kb EcoRI 

"2 Kb Hin dlll- Eco RI 

"2 Kb Hindlll 

"2 Kb EcoRI 



a Wada et 


al. 




"Boulter 


et 


al 


c Goldman 


et 


al 


d Boulter 


et 


al 



supra 



* This insert was placed into unmodified pSV2dhfr. 



The pSV2dhfr plasmid was modified by first 
destroying the unique Eco RI site, then inserting a 
Hin dlll- Eco RV- Eco RI polylinker between the SV40 early 
promoter and the dhfr gene. To accomplish this, pSV2dhfr 
was cut with EcoRI, Klenow-treated, and religated. The 
resultant plasmid was called pSV2dhfrARI. Plasmid 
pSV2dhfrARI was digested with Hindi II and 0.1 ng was 
ligated with a 100:1 molar ratio of unkinased double- 
stranded oligonucleotide of the following sequence: 
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AGC TTT CM TAT CAG AAT TCG^j ft in) 

AA -eei ATA GTC TTA AGCTCGA jJu 
Hin di I I Eco RV Eco RI destroyed Hindi I I 

The ligation reaction was transformed into MC1061 
bacterial cells, amp" colonies were selected, and plasmid 
was isolated. Correctly modified plasmid demonstrated a 
350 bp band upon digestion with PyuII/EcoRI, and was 
called pSV2+Ldhfr . 

To create the a2 , a3 , and /32 expression 
plasmids, 0.1 nq of pSV2+Ldhfr, or pSV2dhfr in the case 
of a4, and 0.1 ng of the subunit specific gel-isolated 
insert fragment were ligated, and the individual 
ligations were separately transformed into MC1061 cells. 
(The parent plasmids were digested with the appropriate 
enzyme to allow insertion of the insert noted above into 
the polylinker site prior to ligation.) Amp R colonies were 
selected and plasmid was isolated. The final plasmid 
names and diagnostic bands indicative of the correct 
orientation were: 

Subunit Plasmid name Diagnostic fragments 

a2 pSV2dhfra2 1600 bp Bgl ll 

o3 pSV2dhfra3 600 bp Pvu II;850 bp Bam HI 

a4 pSV2dhfra4 800 bp Pvu II/ Sst I 

02 pSV2dhfr/92 18 00 bp Pvu II 



These final plasmids have the subunit insert placed in 
functional association downstream of the SV40 early 
promoter. 

C. TK* Selection Plasmids 



The TK* plasmid cotransf ected into Ltk" 
cells along with the nNAChR subunit-expressing plasmids 
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was either pThx59 [Zipser,et al . . Proc . Natl . Acad. Sci . 
7_8: 6276-6280 (1981)] which encodes the wildtype TK gene, 
or pThx24 ( ibid. ) which encodes a crippled TK gene. 

5 D. Reporter Gene Expression Plasmid 

A reporter gene expression plasmid 
comprised of the CAT gene regulated by the c-fos 
promoter, plasmid pFC4 [ (Deschamps et al . . Science 
10 230 : 1174-1177 (1985)], can also be cotransf ected into the 
cells. 

E . Transfection and TK* Selection 

15 The CaPO^ transfection procedure used in 

the development of the rat nNAChR-expressing cell lines 
was that of Wigler, et al . (1979), Proc . Natl . Acad. Sci. 
76: 1373-1376. 

Briefly, Ltk' cells were grown in 
20 nonselective medium [D + 10 (Dulbecco's modified Eagle's 
medium + 10% calf serum) , 100 U/ml penicillin, and 100 
/xg/ml streptomycin] in a 10 cm-sized dish, to 20% 
confluence. The three circular vector DNAs were 
precipitated with CaP0 4 and added to the cell monolayer. 

2 5 The vector concentrations were as follows: 

Thx24:a x /3 2 2/ig: 2/xg: 2/ug/ml 

Thx59:a x /3 2 0 . 2 5/jg: 2ng: 2Mg/ml 

30 

The transfected cells were allowed to grow for two days 
in nonselective medium. After two days, the cells were 
passed and non-selective media was replaced with 
selective HAT medium (D + 10 + 15 /xg/ml hypoxanthine + 1 

3 5 ng/ml aminopterin + 5 /ig/ml thymidine) , and the cells 
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were left to grow for 10-15 days, during which time the 
cells were "fed" fresh selective (HAT) medium every 3-4 
days. After 10-15 days, colonies appeared which 
indicated acceptance and expression of at least the 
5 plasmid carrying the TK gene. Colonies were transferred 
into separate wells of a 24-well dish and grown in 
selective medium for seven days, at which time 
individual colonies were passed into 6-well dishes and 
grown for another seven days in selective medium. To 
10 provide cells for freezing and subsequent molecular and 
functional receptor analyses, the individual clones in 
the 6-well dishes were passed to 100 ml dishes in 
selective medium for 5-7 days. 

15 Example 3 

CHARACTERIZATION OF CELL LINES EXPRESSING NAChR 

The cell lines developed according to the 
methods of Example 2 were characterized using one or more 

2 0 of the methods described below. 

A. Northern or slot blot analysis for 

expression of a- and B- subunit encoding 
messages 

25 

Total RNA was isolated from 1X10 7 cells and 
10-15 ng of RNA from each cell type were used for 
Northern or slot blot hybridization analysis. The 
inserts from the rat nNAChR-encoding plasmids were nick- 

3 0 translated and used as probe. In addition, the /3-actin 

gene sequence [(Cleveland et al . . Cell 20 :95-105 (1980)] 
was nick-translated and used as a control probe on - 
duplicate filters to confirm the presence or absence of 
RNA on each blot and to provide a rough standard for use 
35 in quantitating differences in a- or /3-specific mRNA 
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levels between cell lines. The Northern and slot blot 
hybridization and wash conditions were as follows: 

Hybridization :5XSSPE, 5X Denhardts, 
5 50% formamide, 42 'C 

Wash: 0.2XSSPE, 0.1% SDS, 65'C 

The results of these analyses showed that, 
while the amount of counts per minute corresponding to 
10 actin message was fairly constant among the various cells 
lines, the levels of a- and ^-specific messages varied. 
Cell lines testing positive for both a- and 0-specific 
mRNA were further tested for functional receptors. 

15 B. Nicotine-binding assay 

Cell lines which demonstrated a- and /3- 
specific mRNA were analyzed for their ability to bind 
nicotine, as compared to three control cell lines: the 

20 neuronally-derived cell lines PC12 (Boulter et al . . 

(1986) , supra ) and IMR32 (Clementi, et al. (1986) ; Int. 
J. Neurochem 42:291-297, and the muscle-derived cell line 
BC3H1 (Patrick, et al. . (1977) ; Biol . Chem. 252 : 2143- 
2153). The assay was conducted as follows: 

25 Just prior to being assayed, the 

transfected cells were removed from plates by scraping. 
PC12, BC3H1, and IMR32 (which had been starved for fresh 
media for seven days) . Control cell lines were removed 
by rinsing in 37 °C assay buffer (50mM Tris/HCl, 1 mM 

30 MgCl 2 , 2 mM CaCl 2 , 12 0 mM NaCl, 3 mM EDTA, 2 mg/ml BSA and 
0.1 % aprotinin at pH7.4). The cells were washed and 
resuspended to a concentration of 1 x 10 6 /250 pi. To each 
plastic assay tube was added 250 pi of "the cell solution, 
15 nM 3 H-nicotine, with or without 1 mM cold nicotine, and 

35 assay buffer to make a final volume of 500 pi. The 
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assays for the transfected cell lines were incubated for 
3 0 min at room temperature; the assays of the positive 
control cells were incubated for 2 min at l'C. After the 
appropriate incubation time, 450 nl aliquots of assay 
5 volume were filtered through Whatman GF/C glass fiber 

filters which had been pretreated by incubation in 0.05% 
polyethyleneimine for 24 hours at 4°C. The filters were 
then washed twice, with 4 ml each wash, with ice cold 
assay buffer. After washing, the filters were dried, 
10 added to vials containing 5 ml scintillation fluid and 
then counted. 

The IC 50 values for displacement of specifically 
bound 3 H-nicotine in the three control cell lines were: 




15 Nicotine concentration required 

Cell line to displace 50% bound nicotine (IC 50 ) 



BC3H1 90 MM 

PC12 4 0 MM 

2 0 IMR3 2 3 5 MM 



C. 86 Rb ion-flux assay 

The ability of nicotine or nicotine 
2 5 agonists and antagonists to mediate the influx of ^Rb 
into transfected and control cells has been found to 
provide an indication of the presence of functional 
NAChRs on the cell surface. The ^Rb ion-flux assay was 
conducted as follows: 



30 



1. The night before the experiment, the cells 
were plated- at 2 x 10 6 per well ( i.e. . 2 ml per well) in a 
6-well polylysine-coated plate. 
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2 . The culture medium was decanted arid the 
plate was washed with 2 ml of assay buffer (50 mM hepes, 
260 mM sucrose) 5.4 mM KCl , 1.8 mM CaCl 2 , 0.8 mM MgS0 4 , 
5.5. mM glucose) at room temperature. 

5 

3. The assay buffer was decanted and 1 ml of 
assay buffer, containing 2 MCi/ml 86 Rb, with 5 mM ouabain 
and agonist or antagonist in a concentration to effect a 
maximum response, was added. 

10 

4. The plate was incubated on ice at l'C for 

4 min . 

5. The buffer was decanted into a waste 
15 container and each well was washed with 3 ml of assay 

buffer, followed by two washes of 2 ml each. 

6. The cells were lysed with 2 x 0.5 ml of 
0.2% SDS per well and transferred to a scintillation vial 

20 containing 5 ml of scintillation fluid. 

7. The vials are counted and the data 
calculated. 

2 5 The positive control cells provided the following data in 
this assay: 
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Acronist 
nicotine 

carbamylcholine (CCh) 
cytisine 



EC, 



PC12 
Maximum 
response 



52 MM 
35 (J.K 



2. IX 8 
3 . 3X b 



57 MM 3.6X* 1 



IMR3 2 

Maximum 
ECjq response 

18 MM 7.7X a 
230 MM 7.6X C 
14 MM 10X e 



Antagonist 

d-tubocurarine 0.81 mM 2.5 (iM 

mecamylamine 0.42 /iM 0.11 mM 

hexamethonium nd f 22 mM 

atropine 12.5 MM 4 3 mM 



f* 200nM nicotine 
b 300*4M CCh 
*j 3n*t CCh 

1irM cytisine 
* 100<tM cytisine 

nd=not determined 



D. Nicotine-induced c-fos promoted expression 
of CAT 

In cell lines developed by cotransf ection 
of the pFC4 c-fos-CAT plasmid along with the nNAChR 
subunit-encoding plasmids and the marker plasmid, the 
functionality of the nNAChRs can be indirectly evaluated 
by measuring the level of CAT activity. The CAT activity 
assay can be performed by any of the known methods in the 
art. See, for example, Nielsen et al . . Anal . Biochem. 
179 ; 19-23 (1989) . 

E . Xenopus oocytes assay 



30 



# 
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The functionality of the nNAChR expressed 
in transfected cells or encoded by the human neuronal 
NAChR subunit-encoding cDNAs can be evaluated in the 
Xenopus oocytes system. See Dascal, N. (19 87) , CRC Crit. 
Rev. Biochem. 22.: 317-387, for a review of the use of 
Xenopus oocytes to study ion channels. RNA from 
transfectant cell lines or transcribed in vitro from the 
subunit-encoding cDNAs is injected into oocytes for 
translation into functional protein. The function of the 
expressed nNAChR can be assessed by a variety of 
electrophysiological techniques, including intracellular 
voltage recording, two-electrode voltage clamp, and patch 
clamp methods. The cation-conducting channel intrinsic 
to the NAChR opens in response to acetylcholine (ACh) or 
other nicotinic cholinergic agonists, permitting the flow 
of transmembrane current carried predominantly by sodium 
and potassium ions under physiological conditions. This 
current can be monitored directly by the voltage clamp 
techniques, or indirectly by intracellular voltage 
recording, wherein changes in membrane potential due to 
the net entry of cations are measured. With the 
intracellular voltage method, perhaps the simplest 
technique, a depolarization is recorded upon external 
application of agonist, signifying the presence of 
functional receptors in the oocyte membrane. 

In a typical experiment to evaluate the 
functionality of nNAChR subunit-encoding transcripts, 15 
oocytes were injected with "5 ng of a 1:1 mixture of an a 
and a 0 transcript. Other oocytes were injected with 
water to serve as negative controls. The oocytes were 
then incubated at 19 °C for 2-5 days in OR-2 , an oocyte 
Ringer's solution of the following composition 
(concentration in mM) : NaCl , 8 2.5; KCl, 2.5; Na 2 HP0 4 , 1; 
HEPES, 5; CaCl 2 , 1; MgCl 2 , 1; pH = 7.8. For 
electrophysiological recording, OR-2 of identical. 
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composition except at pH = 7.5 was used as the basis of 
drug-containing solutions of the bath and agonist 
application pipet. During continuous intracellular 
voltage recording in a bath of OR-2 containing 1 /iM 
5 atropine to block endogenous - muscarinic acetylcholine 
receptor responses, a pipet containing 100 /iM ACh was 
used to intermittently apply ACh by a local perfusion 
method in which the ACh is diluted by a factor of about 
3-10 upon application to the oocyte. 

10 Healthy oocytes have resting potentials in the 

range of -50 to -70 mV. Depolarizations due to ACh 
ranged from several mV to about 30 mV in different 
batches of oocytes injected with NAChR subunit-encoding 
transcripts. (Responses within a given batch of oocytes 

15 tended to be of similar magnitude.) The depolarizing 
responses to ACh were reversibly blocked by 100 /jM d- 
tubocurarine , added to the bath. By contrast, water- 
injected oocytes did not respond at all to ACh 
administration under these conditions. 

2 0 In a typical experiment to evaluate the nNAChR 

subunit-encoding RNA from transfected cell lines, total 
RNA was isolated from the cells and 50 ng were injected 
into oocytes. The oocytes were incubated and treated 
with acetylcholine, atropine, and d-tubocurarine as 

25 described above. Negative control oocytes were injected 
with RNA from a negative control cell line transfected 
with parent plasmid lacking a nNAChR subunit-encoding 
insert . 



30 transfected cells demonstrated depolarization when 
treated with acetylcholine. The depolarization was 
blocked with d-tubocurarine. The negative control oocytes 
were unresponsive, as expected. 



Oocytes injected with message from nNAChR- 



35 



Alternatively, the functionality of nNAChRs 
expressed in transfected cells can be studied by -standard 
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electrophysiological techniques such as intracellular 
voltage recording or patch clamp, analogous to the 
methods described for oocytes. 

Example 4 

CELL LINES EXPRESSING FUNCTIONAL nNAChRs 

Several cell lines were generated employing the 
procedures of Example 2. The resulting cell lines were 
then analyzed employing the assay methods described in 
Example 3. Results for several newly prepared cell 
clones are summarized below: 

Cell line Subunits RNA analysis Binding Rb flux Oocytes 
592F ct2/92 a +/ +b +c nd + d 

243C a302 +/+ + nd •■ + 

244A oe4/32 +/+ + nd + 

2441 ar4/32 +/+ + " d " d 



nd=not determined 

subunits are from rat NAChR 



+/+ indicates that a- and ^-specific mRNA was detected 
5 + indicates that the cell line binds agonist in a manner similar to positive control cells 
+ indicates that ACh induces membrane depolarization which was blocked by d-tubocurarine. 



These results show that functional nNAChRs 
are expressed by mammalian cells transfected with DNA 
encoding an a-subunit and a /9-subunit of the nNAChR. 

The invention has been described in detail 
with reference to certain particular embodiments 
thereof. It will be understood, however, that 
variations and modifications can be effected within 
the spirit and scope of the invention. 
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